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We present a survey of the structural and magnetic properties of submonolayer transition metal
dioxides on the (001) surfaces of the heavy face-centered cubic (fcc) noble metals Ir and Pt performed
by spin-averaged scanning tunneling microscopy (STM) and spin-polarized (SP-)STM. Our STM
results confirm that deposition of Co, Fe, Mn, and Cr on the (2 × 1) oxygen-reconstructed Ir(001)
surface leads to the formation of quasi one-dimensional chains with a (3 × 1) unit cell. As recently
predicted by density functional theory [Ferstl et al., Phys. Rev. Lett. 117, 046101 (2016)], our SP-
STM images of FeO2 and MnO2 on Ir(001) show a two-fold periodicity along the chains which is
characteristic for an antiferromagnetic coupling along the chains. In addition, these two materials
also exhibit spontaneous, permanent, and long-range magnetic coupling across the chains. Whereas
we find a ferromagnetic inter-chain coupling for FeO2/Ir(001), the magnetic coupling of MnO2 on
Ir(001) appears to be a non-collinear 120◦ spin spiral, resulting in a (9 × 2) magnetic unit cell.
On Pt(001) patches of (3 × 1)-reconstructed oxide chains could only be prepared by transition
metal (Co, Fe, and Mn) deposition onto the cold substrate and subsequent annealing in an oxygen
atmosphere. Again SP-STM on MnO2/Pt(001) reveals a very large, (15 × 2) magnetic unit cell
which can tentatively be explained by a commensurate 72◦ spin spiral. Large scale SP-STM images
reveal a long wavelength spin rotation along the MnO2 chain.
I. INTRODUCTION
Significant progress has been achieved towards a thor-
ough understanding of magnetically ordered states in
solid-state materials.1 Over the past 40 years spin struc-
tures with increasing complexity were detected. Whereas
collinear ferro- or antiferromagnetism governed by the
competition of exchange, magnetocrystalline anisotropy,
and dipolar interactions initially dominated the scien-
tific debate, we have witnessed a focussing on more com-
plex non-collinear magnetic states since the advent of
the current century.2 This development was—at least
partially—made possible by the development of advanced
surface analysis and microscopy tools which allow for the
detection of magnetic signals with unprecedented sensi-
tivity and spatial resolution. In the context of this con-
tribution spin-polarized scanning tunneling microscopy
(SP-STM) will be of particular interest. This technique
utilizes the tunnel magnetoresistance effect between a
magnetic surface and a spin-polarized tip to obtain in-
formation about the sample’s spin structure with atomic
resolution.48 SP-STM allowed for the first direct imaging
of antiferromagnetic surfaces4 and domain walls,5 as well
as of frustrated Ne´el spin states with antiphase domains.6
Furthermore, it turned out that the spin-orbit–induced
Dzyaloshinskii-Morija interaction (DMI), which has pre-
viously considered in some rare cases only, can be very
significant at surfaces and interfaces. For example, it
turned out that the Mn monolayer on W(110), which has
initially been assumed to be a simple collinear and uniax-
ial antiferromagnet,7,8 instead forms chiral spin cycloid.9
Recently a group of novel quasi one-dimensional 3d
transition metal oxides (TMO) was discovered which can
conveniently be prepared by self-organized growth on the
(001) surfaces of the heavy fcc metals Ir and Pt.10,11 For
Ni, Co, Fe, and Mn on Ir(001) and also for Co on Pt(001)
a structural (3 × 1) unit cell was observed by low-energy
electron diffraction (LEED). In either case scanning tun-
neling microscopy (STM) reveals a surface morphology
which is characterized by long and highly periodic chains
oriented along the [100] and [010] high symmetry direc-
tions of the (001) surface. The structure of the TMO
chains on fcc(001) surfaces as proposed by Ferstl et al.10
is schematically represented in Fig. 1. Within each chain
we find two oxygen atoms (red) between nearest-neighbor
transition metal atoms (yellow). The TMO chains sit
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FIG. 1. Structure model of transition metal oxide chains on
Ir(001) as proposed in Ref. 10. The transition metal atoms
chains sit above empty substrate rows, held in place by the
oxygens atoms. The inter-chain spacing corresponds to 3aIr.
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2substrate Ir(001) Pt(001)
TMO chain NiO2 CoO2 FeO2 MnO2 CoO2
µ (µB) 0.00 1.96 3.55 3.62 –
intra-chain
coupling (‖)
NM FM AFM AFM AFM
∆E‖ (meV) – 25 44 27 –
inter-chain
coupling (⊥)
– FM AFM AFM –
∆E⊥ (meV) – 4 9 0.4 –
TABLE I. Magnetic moments and magnetic coupling of one-
dimensional TMOs along (intra-) and across (inter-) adjacent
chains and corresponding energy gain as predicted by DFT in
Refs. 10 and 11.
above empty substrate rows, held in place by the oxy-
gens atoms.
Indeed, density functional theory (DFT) calculations
reproduced the experimentally determined structural
properties well.10 These theoretical investigations also
predicted highly interesting intra-chain magnetic cou-
plings, ranging from non-magnetic (NM) NiO2 via fer-
romagnetic (FM) coupling for CoO2 and FeO2 to an an-
tiferromagnetic (AFM) interaction along MnO2 chains
on Ir(001).10 Furthermore, an AFM coupling was pre-
dicted for CoO2 chains on Pt(001).
11 In general, the cou-
pling strength was found to be much stronger along the
chains (up to 44 meV per TM atom) than across adja-
cent chains (a few meV). It should be kept in mind, how-
ever, that the calculations performed in Refs. 10 and 11,
which are qualitatively summarized in Table I, were re-
stricted to collinear spin configurations. Non-collinear
magnetic structures, such as the Ne´el state, spin spirals,
skyrmions, or helical spins structures, which can poten-
tially arise from frustration,6 higher-order exchange,12,13
or the DMI9 have not been considered.
To verify the predictions of Ferstl et al.10,11 we re-
cently studied the magnetic structure of MnO2 chains
on Ir(001) by means of spin-polarized scanning tunnel-
ing microscopy (SP-STM).14 In addition to the AFM
coupling along the chains predicted by Ferstl et al.10 an
indirect 120◦ magnetic coupling across the chains was ob-
served. This surprising finding was rationalized in terms
of an Dzyaloshinskii-Moriya–enhanced Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction.14 These earlier re-
sults obtained on MnO2/Ir(001) showed that this indi-
rect magnetic coupling mechanism which was previously
only observed for assemblies of single atoms or clusters
on Pt(111) surfaces15,16 can also result in chiral magnetic
order in laterally extended structures.
The purpose of this paper is to investigate the magnetic
structure of a broad range of (3× 1)-ordered TMO chains
on (001) surfaces of the heavy face-centered cubic (fcc)
noble metals Ir and Pt by SP-STM. The paper is orga-
nized as follows: The SP-STM technique and the experi-
mental procedures applied for substrate cleaning, oxida-
tion, and transition metal deposition are briefly described
in Sect. II. Results for the two substrates, i.e., Ir(001) and
Pt(001), will be presented separately in Sect. III A and
Sect. III B, respectively. SP-STM measurements were
performed on the oxides of Co, Fe, Mn, and Cr on Ir(001)
and for Co and Mn on Pt(001). Whereas no magnetic
contrast could be detected for Co and Cr, the magnetic
intra-chain coupling observed for the other transition
metals is in agreement with DFT predictions.10,11 In ad-
dition, our results also reveal magnetic ordering across
the chains. Whereas we find a collinear coupling across
the chains for FeO2 on Ir(001), the indirect inter-chain
coupling of MnO2 on both, Ir(001) and Pt(001), is found
to be helical, resulting in complex spin structures with
surprisingly large magnetic unit cells.
II. EXPERIMENTAL PROCEDURES
STM experiments were performed in a two-chamber
ultra-high vacuum (UHV) system with a base pressure
p ≤ 5 × 10−11 mbar. Clean Ir(001) and Pt(001) sur-
faces were prepared by annealing cycles in an oxygen
atmosphere followed by cycles of sputtering and anneal-
ing without oxygen. After this procedure the well known
(5 × 1) reconstruction of Ir(001) as well as the (26 × 118)
structural unit cell of Pt(001) was confirmed.17–20
Closely following the procedures described by Ferstl
and co-workers,10 the clean Ir(001) surface was then
exposed to molecular oxygen resulting in a (2 × 1)-
reconstructed surface. The oxygen pressure indicated
by our quadrupole mass spectrometer was pO2 = 1 ×
10−8 mbar, but the local pressure is assumed to be about
two orders of magnitude higher since the gas nozzle is
located just a few cm above the sample surface. On this
oxygen-reconstructed Ir surface we deposited one third
of a monolayer (ML) of either, Co, Fe, Mn, or Cr. All 3d
transition metals were vaporized with commercial e-beam
evaporation sources (EFM3). Whereas Co and Fe were
evaporated from wires with a diameter of 2 mm, Mn and
Cr lumps were loaded into Mo crucibles. Upon 3d tran-
sition metal deposition the sample was again annealed in
an oxygen atmosphere, resulting in the (3 × 1) structure
of TMO chains.10 Since the annealing temperature Tann
required for optimal TMO chain quality was found to de-
pend on the transition metal element, the specific values
will be given below. Due to the higher stability of the
Pt(001) reconstruction to oxygen exposure the prepara-
tion of TMO chains on Pt(001) is slightly different.11,21
Namely, the 3d transition metal was directly evaporated
onto the reconstructed surface and only subsequently an-
nealed in an oxygen atmosphere.11
To verify the structural properties of the TMO chains
the samples were transferred into a home-built low-
temperature scanning tunneling microscope (LT-STM)
where they were scanned with an electro-chemically
etched polycrystalline W tip at an operation temperature
of T ≈ 5.5 K. All images were obtained in the constant-
current mode with bias voltage (U) applied to the sam-
ple. When using spin-polarized tips in SP-STM measure-
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FIG. 2. (a) Overview scan of a sample with coexisting (3 × 1)-ordered CoO2 chains and (2 × 1) oxygen-reconstructed areas on
Ir(001). (b) Higher magnification image of the area marked by a white square in (a) revealing an orthogonal orientation row
orientation of (2 × 1)- and (3 × 1)-ordered areas. The line profile in the bottom panel confirms a 3aIr periodicity perpendicular
to the CoO2 chains. (c) Atomic resolution scan of the area marked by a box in (b). The line profile verifies the × 1 periodicity
along the CoO2 chains. Scan parameters: (a), (b) U = 1 V, I = 300 pA; (c) U = 50 mV, I = 1 nA. All scans performed with a
non-magnetic W tip.
ments the recorded tunneling current I can be written as
I = I0 + Pt · Ps · cos θ, (1)
where I0 is the spin-averaged contribution to the tun-
neling current. The second term in Eq. 1 represents the
magnetization direction-dependent variation of the total
current which depends on the angle θ between tip Pt
and sample Ps polarization. For SP-STM the W tips
were flashed by electron bombardment and coated with
either Fe or Cr. To unambiguously determine the in-
plane or out-of-plane sensitivity of the magnetic SP-STM
tips they were characterized on a reference system. In the
present case we used the Fe double-layer (DL) on W(110)
which exhibits a well-known inhomogeneous spin spiral,
thereby offering the possibility to identify the in-plane
and out-of-plane components of the tip magnetization in
a single measurement.22–24
As we will discuss below, we could not obtain mag-
netic contrast on some TMOs even though earlier DFT
calculations predict them to order magnetically. This
raises the question of the detection limit of SP-STM. In
fact, the surface spin structures of numerous elements
have successfully been imaged in the past, including rare-
earth metals, such as Gd25 and Dy,26 or the antiferromag-
netic 3d metal Cr.27 The Gd magnetic moment is largely
carried by the 4f shell (7µB) which is energetically lo-
cated well below the Fermi level and therefore cannot
contribute to the tunneling current. For Gd(0001) it has
been shown that the SP-STM contrast originates from a
dz2-like surface state which carries a relatively low mag-
netic moment µ ≈ 0.35µB only.28 In the case of Cr mea-
surements were performed at room temperature, i.e. at a
relatively high reduced temperature T/TN ≈ 0.94 (Ne´el
temperature TN = 311 K). At this temperature the mag-
netic moment only amounts to about 40% of its ground
state value. Nevertheless, for both Gd(0001) and for
Cr(001) the surface magnetic structure could clearly be
imaged. Considering these earlier results we assume that
the detection limit of SP-STM is well below a surface
moment of 1µB.
III. RESULTS
A. TMO chains on Ir(001)
1. CoO2/Ir(001)
After evaporation of Co onto the oxidized Ir(001) sur-
face at room temperature the sample was annealed at
Tann ≈ 870 K at an oxygen partial pressure pO2 =
1 × 10−8 mbar. During the TMO chain growth process
every third Ir surface atom is expelled from the surface
layer. It has previously observed for MnO2 on Ir(001)
1014
that—at sufficiently high annealing temperature—these
atoms form extended islands or even recombine at step
edges with existing surface terraces. A similar behavior
can be observed in Fig. 2(a), where monatomic rectangu-
lar shaped islands occur with step edges along the [110]
and [110] high-symmetry directions of the substrate.
Closer inspection of the terraces in Fig. 2(b) show the
coexistence of the (2 × 1) oxygen reconstruction and the
(3 × 1) TMO structure along the high-symmetry direc-
4tions. Furthermore, Fig. 2(b) reveals that the stripes of
the (2 × 1) reconstruction are generally oriented per-
pendicular to the (3 × 1)-ordered CoO2 chains, possi-
bly due to the incommensurability of (2 × 1) oxygen-
reconstructed and (3 × 1)-ordered TMO chains. The
presence of oxygen-reconstructed areas without Co pos-
sibly indicates that the amount of deposited Co was
slightly below one third of a ML. With a density about
0.03 nm−2 the most frequent defects are point-like pro-
trusions on the TMO chains. Their height amounts to
about 80 pm, consistent with typical values for transition
metal adatoms. Therefore, we assume that these protru-
sions are caused by either excess Co or Ir atoms which
were expelled from the surface layer but remained on
the CoO2 chains. Furthermore, a few depressions in the
chains can be recognized (one of which is marked by the
green arrow). Since these depressions are centered where
one would expect a maximum in a periodic chain in the
absence of a defect, it appears reasonable to preliminar-
ily assign them to Co vacancies. Both types of defects
with similar characteristics will also appear for the other
transition metals studied. In addition, we occasionally
observe weak circular depressions (see blue arrow) which
have also been observed on the bare Ir(001) and are as-
signed to sub-surface defects.
To verify the structural properties of the CoO2 on
Ir(001) we measured a line profile perpendicular to the
chains in between the two black arrows in the bottom
right corner of the STM image displayed in Fig. 2(b).
It is plotted at the bottom of Fig. 2(b). The periodic-
ity of (828± 30) pm agrees well with the expected value
of 3aIr = 813 pm.
29 Additionally, the atomic resolution
scan shown in Fig. 2(c) and the corresponding line section
shown in the bottom panel also confirm the × 1 period-
icity with an atomic distance of (278± 10) pm along the
TMO chains.
After structural analysis we prepared magnetic Cr/W
tips and Fe/W tips for SP-STM measurements. As docu-
mented in the Supplementary Information, these out-of-
plane and in-plane sensitive tips were thoroughly tested
by imaging the domain and domain wall structure the
Fe DL on W(110), respectively.30 Although these tests
clearly confirmed the magnetic imaging capabilities of
our SP-STM tips before and after the measurements on
the CoO2 chains on Ir(001), we never observed any mag-
netic contrast on the (3 × 1) structure of CoO2 chains
(not shown). This result is not necessarily in contra-
diction with the ferromagnetic order predicted in Ref. 10
because we have to keep in mind that the imaging of
magnetic spin structures by SP-STM relies on the exis-
tence of domains or other spatial variations of the pro-
jection of the local sample magnetization onto the fixed
magnetization of the tip. Therefore, the ferromagnetic
domains could remain undetected if their size was much
larger than the scan size. In this context future spatially
averaging techniques, such as the magneto-optical Kerr
effect, might be useful to clarify this open issue.
2. FeO2/Ir(001)
The next transition metal element with one electron
less in the 3d shell is Fe. It has been predicted that FeO2
on Ir(001) exhibits an AFM order along the chains.10
Just like for the preparation of CoO2 chains described in
Sect. III A 1, Fe was evaporated at room temperature on
the (2 × 1)-reconstructed O/Ir(001) surface and immedi-
ately annealed at Tann ≈ 970 K in an oxygen atmosphere
(pO2 = 1 × 10−7 mbar). The overview scan in Fig. 3(a)
shows two flat terraces separated by a monatomic sub-
strate step edge. The absence of rectangular islands in-
dicates that all Ir atoms expelled from the substrate had
the chance to diffuse to step edges. Close inspection re-
veals that the chains are oriented along the [110] direction
on the upper (left) terrace whereas they are oriented in
the [110] direction on the lower (right) terrace. The den-
sity of the point-like defects on top of the chains amount
to about 0.06 nm−2. Similar to what was discussed in the
preceding section III A 1, we believe that the most likely
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FIG. 3. (a) Overview scan of FeO2/Ir(001) with chains run-
ning into [110] direction on the upper and [110] direction on
the lower terrace. (b) Higher resolution scan on the lower ter-
race. (c) Line profile along the blue line in (b). The periodic-
ity of the stripes amounts to (855±50) pm. Scan parameters:
(a) & (b) U = −1 V, I = 300 pA, non-magnetic W tip.
5origin of these protrusions is a slight overdosing of the
surface with Fe such that some atoms cannot be accom-
modated within the resulting Fe oxide chain structure.
We would like to note that the teardrop-shaped appear-
ance of the protrusions is an imaging artifact caused by
an unusual shape of the tip used in this experiment.
For structural analysis of the FeO2 chains a higher res-
olution scan on the lower terrace is shown in Fig. 3(b).
The periodicity across the chains along the blue line is
determined by the line profile shown in Fig. 3(c). Again
we find periodicity of (855 ± 50) pm which is in good
agreement with the value expected for a (3 × 1) recon-
struction, i.e., 3aIr = 813 pm. To complete the structural
analysis an atomic resolution scan of FeO2 is presented in
Fig. 4(a). Line sections drawn between the black arrows
in Fig. 4(a) which are presented in Fig. 4(c) (black lines)
show a periodicity of (278 ± 10) pm, consistent with the
Ir lattice constant aIr = 271 pm. Furthermore, an ad-
ditional weak stripe in the center of the (3 × 1) unit
cell in Fig. 4(a) can be recognized in between the chains.
A similar observation was reported by Ferstl et al.10 and
assigned to an electronic signal of the Ir double-rows sep-
arating adjacent TMO chains.
The magnetic structure of this surface was investigated
by SP-STM with an out-of-plane sensitive Cr-coated W
tip. The result is presented in Fig. 4(b). Direct com-
parison with Fig. 4(a) reveals a doubled period along the
chains. This impression is corroborated by the line pro-
files presented in Fig. 4(c) which have been taken in be-
tween the three pairs of colored arrows and clearly show
a period 2aIr = 542 pm along the chains. The doubling
is caused by the magnetoresistance effect which leads to
a tunneling current which scales with the projection of
the sample magnetization onto the tip magnetization (cf.
Eq. 1). The most obvious explanation for the observed
doubling of the period along the chain is an AFM cou-
pling. Furthermore, the maxima and minima of adjacent
FeO2 chains in Fig. 4(b,c) are aligned, thereby clearly in-
dicating a FM coupling across the chains. The fact that
all magnetic line profiles show the same corrugation es-
sentially excludes any non-collinear magnetic order, such
as spin spirals or frustrated Ne´el spin states, but rather
supports that FeO2/Ir(001) exhibits collinear magnetism.
Our experimental results obtained on FeO2 chains
on Ir(001) indicate a (3 × 2) magnetic unit cell which
is marked as a box in Fig. 4(b) and schematically il-
lustrated in Fig. 4(d). The AFM coupling observed
along the chains is in agreement with recent theoreti-
cal predictions.10 To our opinion it is quite reasonable
to assume that this AFM along the chains is caused by
superexchange mediated by the fully occupied oxygen 2p
orbitals.31 Although a much weaker AFM coupling across
the chains was predicted in Ref. 10, we experimentally ob-
serve spontaneous, permanent, and long-range FM inter-
chain coupling at T = 5 K. At the moment we can only
speculate why theory and experiment deviate. Since ad-
jacent TMO chains are separated by two non-magnetic Ir
rows this order cannot be mediated by direct exchange.
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FIG. 4. (a) Atomic resolution scan of FeO2 chains on Ir(001)
obtained with a non-magnetic W tip. The atoms along the
chains are separated by one Ir lattice constant aIr = 271 pm.
(b) SP-STM image obtained with an out-of-plane Cr/W tip.
Comparison to (a) reveals period along the chains lead cor-
responding to 2aIr = 542 pm resulting in a (3 × 2) magnetic
unit cell. (c) Line profiles measured along the chains at the
position indicated by the arrows in (a) and (b). (d) Schematic
illustration of the (3 × 2) collinear magnetic order. While the
magnetic coupling is AFM along the chains, the interaction
of adjacent chains is FM. Scan parameters: (a) U = −10 mV,
I = 20 nA; (b) U = 50 mV, I = 5 nA.
As we will point out below for MnO2 chains on Ir(001),
it appears that the strong spin-orbit interaction of the Ir
substrate plays a decisive role for the formation of the
magnetic ground state. Potentially, similar effects are
also relevant for FeO2/Ir(001). More advanced theoreti-
cal considerations will be necessary to fully elucidate the
coupling mechanism.
63. MnO2/Ir(001)
Our SP-STM results presented in the preceding section
were in good agreement with DFT predictions regard-
ing the intra-chain magnetic coupling,10 but also indicate
that some aspect of the inter-chain coupling may not have
been captured with sufficient accuracy. Since DFT qual-
itatively predicts the same intra-chain magnetic coupling
for MnO2/Ir(001) as for FeO2 it is highly interesting to
experimentally investigate also this sample system. The
preparation of MnO2 chains is very similar to the TMOs
discussed so far. Also in this case Mn is deposited onto
the oxidized Ir(001) surface at room temperature. To
our experience the best surface quality can be achieved
when choosing a slightly higher annealing temperature
Tann ≈ 1020 K. This results in a sample topography with
roughly rectangular islands, as exemplarily presented in
the overview scan of Fig. 5(a). The (3× 1)-ordered MnO2
chain structure covers almost the entire sample surface
such that no regions with the oxygen-induced (2 × 1)
reconstruction of Ir(001) remain visible. Typical (3 × 1)
domains are about 20 to 40 nm wide and often hundreds
of nm long. Adjacent domains are separated by either
orientational and anti-phase domain boundaries.
Similar to other TMO chains on Ir(001) we observe sev-
eral defects which are located on top of the chains. For
example, in Fig. 5(b) 12 single protrusions, one dimer,
a vacancy in a MnO2 row can be recognized. This cor-
responds to a defect density of only 0.015 nm−2, well
below what has been determined for CoO2 and FeO2
in Sect. III A 1 and III A 2, respectively. The periodic-
ity of the stripes can be determined by the line profile
presented in Fig. 5(c). In agreement with the expected
(3 × 1) structure it amounts to (840± 50) pm.
As shown in Fig. 6(a) this (3 × 1) superstructure has
been imaged with atomic resolution in a spin-averaging
STM experiments by using a non-magnetic W tip. The
corrugation and periodicity along the chains in Fig. 6(a)
can be determined from the line profiles presented in
Fig. 6(c) (black lines). These data sets clearly show that
any chains exhibits a corrugation of z ≈ 2.2 pm only and
a periodicity of (287± 20) pm. In addition, Fig. 6(a) also
reveals a small corrugation in between the chains which
can possibly be assigned to Ir pairs.
In Fig. 6(b) we present spin-polarized measurements of
MnO2 chains on Ir(001) which were performed with an
in-plane sensitive magnetic Cr/W tip. We would like to
note that these results, which were obtained in a differ-
ent experimental run on a newly prepared sample with
a different SP-STM tip, qualitatively reproduce earlier
results.14 Quantitative differences, such as a different cor-
rugation, are attributed to the fact that the two tips
probably differ in their spin polarization and quantiza-
tion axes. Similar to the results on FeO2 discussed in
Sect. III A 2 the use of a magnetic probe tip leads to a
doubling of the measured corrugation period which now
corresponds to 2aIr along the chains. Furthermore, com-
parison of adjacent chains reveals a periodic variation of
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FIG. 5. (a) Overview scan of MnO2 chains on Ir(001). Do-
mains with stripes of the (3 × 1) structure orientated along
the [110] and the [110] direction can be recognized. (b) Spin-
averaged STM image of an atomically flat surface area show-
ing a few defects only. (c) Line profile measured along the
blue line in (b) confirming an inter-chain distance of 3aIr.
Scan parameters: U = 1 V, I = 300 pA, non-magnetic W tip.
the corrugation. This can qualitatively be realized by
comparing the chain marked with red arrows in Fig. 6(b)
with the chains on the left and right which are marked
green and blue, respectively. The green chain on the left
obviously exhibits a much weaker corrugation. In con-
trast, no obvious difference between the contrast strength
of the red and blue line can be recognized, but the po-
sitions of maxima and minima of the chain marked with
blue arrows are interchanged with respect to the red line.
The colored line profiles presented in Fig. 6(c) allow
for a more quantitative comparison. In agreement to our
qualitative assessment the green chain exhibit the small-
est corrugation of 2.2 pm whereas both, the blue and red
line have a much higher corrugation of about 5 pm. In
addition, we can also recognize the phase shift of aIr be-
tween the red and blue line. Detailed comparison shows
that the blue chain has a slightly higher corrugation than
the red chain. Together with the above-mentioned peri-
odicity 2aIr along the chains these SP-STM observations
suggest a (9 × 2) magnetic unit cell.
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FIG. 6. (a) Atomic resolution scan of the MnO2 chains on
Ir(001) measured with a non-magnetic W tip showing the
(3 × 1) unit cell. (b) SP-STM image of MnO2/Ir(001) ob-
tained with an in-plane sensitive Cr-coated W tip. The period
along the stripes corresponds to 2aIr indicating AFM order
along the chain. The magnetic contrast of adjacent chains is
modulated by phase and corrugation changes resulting in a
(9 × 2) magnetic unit cell. (c) Line profile measured along
three adjacent chains in (a) without (black) and in (b) with
magnetically sensitive tips (colored). Scan parameters: (a)
U = −300 mV, I = 3 nA; (b) U = 200 mV, I = 300 pA.
The experimental observations on MnO2 chains can be
explained by a spin structure as schematically illustrated
in Fig. 7(a). Each MnO2 chain is AFM ordered whereby
the easy axis always lies within the surface plane. The
azimuthal orientation rotates by 120◦ between adjacent
MnO2 chains such that the magnetic structure repeats
every third chain. These two ingredients, i.e., the AFM
order along and the tripled magnetic period perpendicu-
lar to the MnO2 chains, result in a (9 × 2) magnetic unit
cell as indicated in Fig. 6(b). As sketched in Fig. 7(b),
this magnetic structure can explain the corrugation and
the phase relation observed by SP-STM in Fig. 6(b,c).
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FIG. 7. (a) Schematic illustration of the (9 × 2) magnetic
unit cell of MnO2 chains on Ir(001). The arrows indicate the
spin direction of the corresponding Mn atoms. (b) Sketch
of the SP-STM signal expected for the proposed chiral 120◦
spin spiral. The corrugation and the phase shift observed in
Fig. 6(b) can be explained by an angle Θ = (15±6)◦ between
tip polarization (black arrow) and the TMO chain with high-
est corrugation (blue line).
In this representation the black arrow represents the tip
magnetization and the colored arrows represent the quan-
tization axes of the respective chains.
Proceeding from right to left in the (9 × 2) magnetic
unit cell in Fig. 7(a) we can recognize that the magnetic
structure is governed by an in-plane counterclockwise
spin spiral with a rotation angle of 120◦ between adjacent
chains. Since the blue arrow exhibits the largest projec-
tion onto the black arrow it will—according to Eq. 1—
give the strongest magnetic contrast in SP-STM measure-
ments, symbolized by the dot-dashed line in Fig. 7(a). As
a result of the spin spiral the green and red arrows are
aligned antiparallel with respect to the tip. In case of an
AFM intra-chain coupling this will unavoidably lead to a
phase shift between the blue spin chain as compared to
the green and red spin chain. Based on this representa-
tion we can nicely reproduce the corrugations extracted
from Fig. 6(c) by an angle between the blue chain and
the tip polarization of θ = 15 ± 6◦, indicated by a grey
region in Fig. 7(b).
In a recently published paper the observation of a chi-
ral 120◦ spin spiral which is mediated across two atomic
rows of the non-magnetic Ir(001) substrate was explained
by a Dzyaloshinskii-Moriya type (DM) enhancement of
the RKKY interaction.14 This interaction, which has
already been predicted in 198032, leads to a magnetic
coupling which is at the same time indirect and chi-
ral. Evidence for DM-enhanced indirect magnetic cou-
pling had previously been observed on some surface-
deposited clusters15,16,33,34 and Dy/Y superlattices.35 In-
deed, state-of-the-art density functional theory calcula-
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FIG. 8. (a) Overview and (b) higher resolution scan on CrO2 chains on Ir(001). (c)–(g) Bias-dependent STM images showing
the same sample area. A cluster (marked by an arrow) serves as a position marker. A corrugation reversal is observed between
panels (e) and (f), i.e., between U = 200 mV and U = −200 mV. (h) Line profiles measured along lines corresponding to the
blue line in (c). Scan parameters: (a),(b) U = 1 V, I = 300 pA; (d) I = 2 nA; (d),(g) I = 1.5 nA; (e),(f) I = 0.5 nA.
tions could successfully reproduce not only the antifer-
romagnetic coupling along the chains but also explain
the period of the chiral magnetic structure across the
chains.14 However, the experimental data suggest a spin
spiral which predominantly rotates within the surface
plane, corresponding to a Dzyaloshinskii-Moriya vector
D oriented along the surface normal. This surprising re-
sult cannot be explained within the structural model de-
duced from quantitative low-energy electron diffraction
data,10 which would result in a D vector within the sur-
face. The discrepancy might be caused by yet unconsid-
ered effects of structural domain boundaries or relaxation
effects. Additional DFT calculations and field-dependent
SP-STM measurements will be necessary to fully resolve
this open question.
4. CrO2/Ir(001)
Motivated by the observation of an unexpected non-
collinear magnetism in (3 × 1)-ordered MnO2 chains on
Ir(001) we tried to extent the series of self-organized
TMO chains to Cr which is the left neighbor of Mn in
the periodic table of elements. Since the growth of CrO2
chains was not part of the study by Ferstl et al.10 it will
be discussed here in detail. The preparation follows the
principle of the known TMO chains and comprises the
evaporation of Cr onto the (2 × 1) O/Ir(001) surface
at room temperature. Subsequently, the sample was an-
nealed in an oxygen atmosphere (pO2 = 1 × 10−8 mbar)
at a temperature Tann ≈ 1070 K.
The resulting sample topography and its structural
analysis are shown in Fig. 8. Already in the overview scan
presented in Fig. 8(a) we can recognize stripes orientated
along the [110] direction. We count 145 point-like defects
with a typical height of several 10 up to 100 pm on top
of the stripes, corresponding to a defect density below
0.015 per nm2. Moreover, some protrusions are visible
that we already identified on clean (5 × 1) reconstructed
Ir(001) surfaces. The periodic arrangement of the stripes
with an inter-stripe distance of (846±40) pm is shown at
higher resolution in Fig. 8(b). This value is comparable
to the inter-chain distance observed on the other quasi
one-dimensional TMO systems and consistent with the
(3 × 1) structural unit cell.
To study the electronic properties of this stripe pat-
tern we performed the bias-dependent measurements pre-
sented in Fig. 8(c)–(f). All scans show the same sample
area as can be recognized by the cluster of unknown ori-
gin. An arrow marks the central region of this cluster
and serves as a reference point during the following com-
parison. At a bias voltage U = 1 V, Fig. 8(c), the arrow
is aligned with the top of a stripe (A-stripe). The next
stripe to the right can be found about 1 nm apart just
right of the bright cluster. When the bias voltage is re-
duced to U = 600 mV, Fig. 8(d), another stripe (B-stripe)
appears between the A-stripes. Interestingly, the corru-
gation is not mirror symmetric with respect to the plane
9defined by the [1¯10] direction, i.e., along the stripes, and
the (001) surface normal. This can best be recognized in
the line sections shown in Fig. 8(h). The data have been
extracted from the images shown in Fig. 8(c)–(f) along
traces corresponding to the blue line in panel (c). Again
the arrow (and the hatched line) indicates the central
position of the bright cluster. At U = 600 mV the two
minima left and right of the hatched line clearly exhibit
different depth, with the left minimum being about 1 pm
deeper than the right minimum. This trend becomes even
stronger as the bias voltage is changed to U = 200 meV.
Furthermore, when decreasing the bias voltage further to
U = −200 meV, Fig. 8(f), and U = −500 meV, Fig. 8(g),
we observe that the corrugation of the B-stripes becomes
much larger than that of the A-stripes. For example,
at U = −500 meV the corrugation of B-stripes reaches
(15±1) pm, whereas the corrugation of the A-stripes only
amounts to (2.6± 0.3) pm.
Our bias-dependent experimental results on
CrO2/Ir(001) are strikingly different as compared
to similar results on the other TMO chains. We find
an asymmetric corrugation and A- and B-stripes which
are the dominant features in topographic STM measure-
ments performed at U > 200 meV and U ≤ −200 meV,
respectively. Furthermore, the change in corrugation is
more pronounced for B-stripes. Combined with the fact
that the B-stripes almost vanish for U = 1 V we suppose
that A-stripes correspond to the CrO2 chains whereas
the B-stripes are assigned to the intermediate Ir double
row. As detailed in Ref. 30 we performed SP-STM
experiments on CrO2/Ir(001) with both, out-of-plane
sensitive Cr/W and in-plane sensitive Fe/W tips. These
measurements confirmed the structural (3 × 1) unit cell
of the CrO2 chains but did not provide any hint of a
magnetically ordered state.
B. TMO chains on Pt(001)
1. CoO2/Pt(001)
Our SP-STM experiments of TMO chains on Ir(001)
presented so far revealed a wide variety of spin struc-
tures. Whereas we could not detect any magnetic sig-
nal on CoO2 chains, suggesting a non-magnetic state, for
other 3d elements we found collinear (anti)ferromagnetic
(Fe) and a helical spin spiral order (Mn). It appears to
be an obvious idea to extend the search for similar indi-
rect DM-enhanced RKKY interactions by growing TMO
chains on other heavy noble metals which also crystallize
in the fcc structure. One candidate material is Pt, the
direct neighbor of Ir in the periodic table of elements. In
fact, it has already been shown that CoO2 chains can be
grown by similar procedures on Pt(001).11
Since the Pt(001) reconstruction is stable against ox-
idation we first studied the growth of Co on the clean
surface.11 In our STM images the complex hexagonal re-
constructions of clean Pt(001) shows up as stripes with a
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FIG. 9. Growth of CoO2 chains on Pt(001). (a) Topography
of Co/Pt(001) after evaporation on the warm substrate. (b)
After oxidation of sample (a) no (3 × 1) structure is observed.
(c) Topography of Co/Pt(001) after evaporation on the cold
substrate. (d) After oxidation of sample (c) a coexistence
of Pt reconstruction and domains of CoO2 chains is observed.
(e) Higher resolution scan of the chains with line profile across
the stripes. (f) Atomic resolution scan with a non-magnetic
W tip confirms the structural (3 × 1) unit cell. Scan pa-
rameters: (a)–(d) U = 1 V, I = 300 pA; (e) U = −100 mV,
I = 1.5 nA; (e) U = 50 mV, I = 5 nA, all data measured with
a non-magnetic W tip.
periodicity of (1.36±15) nm.36 Fig. 9(a) shows the topog-
raphy of a sample prepared by Co evaporation onto the
warm surface resulting in the formation of (163± 15) pm
high islands which are elongated along the [110] direc-
tion. This orientation correlates with the stripe direction
of the Pt(001) surface and indicates preferential diffusion
along the trenches of the reconstruction.
Annealing this sample in an oxygen atmosphere (pO2 =
1 × 10−7 mbar) at temperature Tann ≈ 920 K results in
the topography shown in Fig. 9(b). Two surface areas can
be distinguished in these data which were measured with
non-magnetic W tips. In the upper right of Fig. 9(b) we
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again recognize the clean Pt(001) surface which—similar
to our observations on clean Ir(001) [cf. blue arrow in
Fig. 9(b)]—exhibits occasional circular depressions (den-
sity ≈ 0.02 nm−2). The persistence of this reconstruction
confirms the stability of the Pt(001) surface against oxi-
dation. The remaining part of the surface is covered by
islands without any oxygen-induced reconstruction (nr).
Together with the unusual step height of (90 ± 15) pm
we interpret this as evidence for the formation of a CoPt
surface alloy.
In a second attempt we initially cooled the clean
Pt(001) surface in the LT-STM down to T ≈ 5.5 K.
Subsequently the crystal was transferred to the prepa-
ration chamber for Co deposition onto the cold sur-
face. Comparison of the resulting surface topography,
Fig. 9(c), with the Co film grown at elevated tempera-
ture, Fig. 9(a), shows that low-temperature growth leads
to smaller Co islands and the nucleation of very few sec-
ond layer Co islands. In contrast to the Co islands shown
in Fig. 9(a) these low-temperature–deposited islands ex-
hibit no stripes. Annealing this sample at the same pa-
rameters, Tann ≈ 920 K, leads to the topography pre-
sented in Fig. 9(d), which is comparable to the earlier
results of Ref. 11. We can distinguish areas of recon-
structed clean Pt(001) from extended and well-ordered
regions showing the (3 × 1) structure which is character-
istic for CoO2 chains. The step height between domains
of the same structure amounts to (199± 10) pm, in per-
fect agreement with the value expected for Pt(001). To
complete the structural analysis we performed a higher
resolution scan which are presented in Fig. 9(e). Again
point-like defects are located on the stripes. The line
profile taken at the position of the blue line confirms the
periodicity of (830 ± 20) pm. The inner structure of the
stripes can be resolved by the atomic resolution image
shown in Fig. 9(f). Along the chains we measure a peri-
odicity of (278± 15) pm which agrees well with the cubic
lattice vector expected for Pt, aPt = 277 pm.
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After confirmation of the (3 × 1) structure of CoO2
chains on Pt(001)11 we attempted to resolve the spin
or magnetic domain structure by means of SP-STM ex-
periments using out-of-plane and in-plane polarized tips.
However, these magnetically sensitive experiments30
showed neither a hint of the theoretically proposed AFM
structure11 nor could we detect any hint of other mag-
netically ordered states.
2. FeO2/Pt(001)
For the preparation of FeO2 chains on Pt(001) we fol-
lowed the same procedure as for Co, i.e., we started with
the growth of Fe on the clean reconstructed Pt(001) sur-
face. Indeed, Fe evaporation onto the warm Pt(001)
substrate leads to a surface morphology very similar to
Co/Pt(001) [cf. 9(a,b), results for Fe not shown here]
which we interpret as evidence for alloying with the sub-
strate. To overcome this issue Fe was evaporated onto the
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FIG. 10. (a) Overview scan of oxidized Fe on Pt(001). (b)
A higher resolution scan shows that terraces and islands ex-
hibit a stripe pattern with the expected 3aPt periodicity. (c)
Atomic scale image of oxidized Fe on Pt(001). Along the
stripes the corrugation has a period of twice the atomic lattice
vector. Within the circle the order across the stripes changes
from aligned to a shifted position. (d) Line profiles across
(top) and along the stripes (bottom) at the positions of the
blue line in (b) and at the position of the arrows in (c). Scan
parameters: (a),(b) U = 1 V, I = 300 pA; (c) U = 100 mV,
I = 1 nA, non-magnetic W tip.
cold sample and immediately oxidized at T ≈ 870 K. The
resulting topography which is presented in the overview
scan of Fig. 10(a) (scan size: 300 nm× 300 nm) shows
plateaus and valleys with a typical lateral size of about
50 nm. They are separated by (199 ± 15) pm high step
edges preferentially oriented along high symmetry direc-
tions of the substrate. Scanning a similar surface area at
higher resolution, Fig. 10(b), reveals a stripe pattern with
a periodicity of (844±40) pm, as determined from the line
profile in Fig. 10(d), in agreement with the (3 × 1) recon-
struction expected for FeO2 chains on Pt(001). Regions
with stripes oriented in the [110] or the [110] directions
can be recognized.
Surprisingly, atomic scale images performed with non-
magnetic tips within a single domain are inconsistent
with the expected structural (3 × 1) unit cell. This can
clearly be recognized by the image presented in Fig. 10(c)
and the line section shown Fig. 10(e) which was measured
in between the two black arrows. The periodicity ex-
tracted from this line profile along the chains amounts to
(543±25) pm. This value is in good agreement with twice
the lattice constant of Pt, 2aPt. Furthermore, the max-
ima of adjacent stripes are out of phase in most cases.
Therefore, our spin-averaged experimental data suggest
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the existence of a (6 × 2) unit cell for the oxidized Fe on
Pt(001) [see white box in Fig. 10(c)]. Since the positions
of maxima and minima in a given chain are not com-
pletely static but slowly fluctuate, occasional exceptions
from this rule can be observed. For example, the chain in
the right part of the white circle in Fig. 10(c) shows such
a switching event. Whereas the two chains marked by the
circle are in phase in the lower part of the image, a phase
shifts by aPt in the right chain causes that the two chains
are out of phase in the upper part of the image. Since
the measurement of Fig. 10(c) was executed with a non-
magnetic tip and since the use of out-of-plane or in plane
sensitive magnetic probe tips didn’t result in any addi-
tional contrast, we have to conclude that the observed
reconstruction has no magnetic but either a structural or
an electronic origin. One possible explanation could be
a Peierls instability due to a metal–isolator transition at
low temperatures.37 Further investigations are required
to figure out the origin of the iron oxide phase.
3. MnO2/Pt(001)
Finally we investigated MnO2 chains on Pt(001). In a
first attempt we evaporated Mn while the Pt(001) sub-
strate was held at room temperature and subsequently
oxidized the sample at an oxygen pressure pO2 = 1 ×
10−7 mbar at T ≈ 920 K. Unfortunately, this prepa-
ration procedure resulted in very small TMO domains
with size of (10...20) nm only. In order to improve sur-
face homogeneity we reduced the oxygen pressure to
pO2 = 1 × 10−8 mbar. The resulting topography mea-
sured with a non-magnetic W tip is shown in Fig. 11(a).
A significant fraction of the surface still exhibits the fa-
miliar reconstruction of the clean Pt(001) surface. In
addition, two other kinds of surfaces could be identified.
The first one no longer shows any reconstruction (not re-
constructed; nr) but is relatively rough. Similar findings
have been reported for Cu/Ir(001) and were assigned to
alloying.38 Second, we found (3 × 1)-reconstructed areas
of MnO2. For structural determination a higher resolu-
tion scan measured on a homogeneously striped domain
is shown in Fig. 11(b). Adjacent stripes are separated by
(866±45) pm, as determined from the corresponding line
profile in Fig. 11(c). We would like to emphasize that this
particular structural domain exhibits a lateral size well
above 50 nm, thereby allowing for the clear identification
even of large magnetic unit cells. Moreover the surface
exhibits very few defects.
To exclude a behaviour similar to what we have ob-
served on oxidized Fe on Pt(001) we performed a de-
tailed analysis of the observed contrasts. For example,
line profiles measured along the chains marked with black
arrows in Fig. 12(a) are presented in the upper part of
Fig. 12(c). With a corrugation between 8.9 and 9.3 pm
and an atomic spacing of (281 ± 19) pm the data are in
good agreement with a (3 × 1) structure of MnO2 chains.
Such a sample surface was investigated by means of
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FIG. 11. (a) Overview scan of Pt(001) after Mn deposition
and subsequent annealing in oxygen. In addition to recon-
structed clean Pt(001) one also observes disordered (nr) and
(3 × 1)-reconstructed surface regions. (b) Higher resolution
scan at the position of the stripes. (c) Line profile measured
along the blue line in (b) confirming the 3aPt periodicity. Scan
parameters: U = 1 V, I = 300 pA, non-magnetic W tip.
SP-STM using out-of-plane sensitive Cr-coated W tips.
The resulting SP-STM image presented in Fig. 12(b) ex-
hibits striking similarities if compared with the results
obtained on MnO2 chains on Ir(001) [cf. Fig. 6(b)]. To
analyze the spin-polarized measurement five line profiles
which have been taken in between the colored arrows are
plotted in the lower part of Fig. 12(c). Comparison with
the spin-averaged data (black) reveals that—identical to
our results obtained on MnO2/Ir(001)—a doubling of the
period along the chains can be recognized. This is a clear
sign for an AFM intra-chain coupling of the Mn atoms.
In further analogy to the spin spiral system of MnO2 on
Ir(001) the magnetic corrugation measured on the respec-
tive chains for MnO2/Pt(001) is not constant but mod-
ulates periodically. For example, the line profiles clearly
show that the green chain exhibits the lowest, almost
vanishing corrugation. The other four chains constitute
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FIG. 12. (a) Atomic resolution scan of MnO2 chains on
Pt(001) performed with a W tip. (b) Spin-polarized measure-
ment taken with a Cr-coated W tip. A periodic modulation
of the chain-specific corrugation can clearly be seen. (c) Line
profiles measured along five adjacent chains marked by corre-
spondingly colored arrows as measured with a non-magnetic
(top) and a magnetic tip (bottom). Whereas a doubling of
the period characteristic for an intra-chain AFM coupling is
observed on most of the chains, a pronounced modulation of
the contrast is also visible across the chains. Scan parameters:
(a) U = −5 mV, I = 20 nA; (c) U = 1 V, I = 300 pA.
two groups which can be distinguished on the basis of
the phase of their magnetic contrast. Whenever the two
upper colored line profiles (orange, light blue) exhibit a
maximum, the lower line profiles (red, dark blue) show
a minimum. Since all line profiles possess a periodicity
2aPt due to their AFM order along the chains, the phase
difference shifts the magnetic contrast by aPt.
This behaviour can be explained by the model illus-
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FIG. 13. (a) Schematic representation of a (15 × 2) magnetic
unit cell. A cycloidal spin spiral with out-of-plane rotating
spins. The model in (b) is based on the magnetic corrugation
in Fig. 12(c). From this a tilt Θ = (−15 ± 5)◦ of the tip
polarization with respect to the light blue chain with highest
corrugation is seen.
trated in Fig. 13(a). The coupling along the chains is as-
sumed to be collinear AFM within each individual MnO2
chain. We initially assume a periodic modulation by a
commensurate (15 × 2) magnetic unit cell where the spin
quantization axis of adjacent stripes rotates by 72◦. Due
to the dependence of the spin-polarized current on the
angle between the tip magnetization and the spin quan-
tization axis of the Mn atoms described by Eq. 1 this
leads to a characteristic behavior of the magnetic corru-
gation. It is highest for the TMO chains which exhibit
the highest projection onto the tip magnetization vector
symbolized by a black arrow in Fig. 13(b), i.e., the light
and dark blue chains. Their opposite perpendicular ori-
entations will result in a pi phase shift. A lower magnetic
corrugation can be expected for the chains symbolized by
orange and red arrows. The corrugation vanishes if the
spin quantization axis of a chain is perpendicular to the
tip polarization (green arrow). As a consequence of this
rotating spin structure two chains will exhibit a parallel
(light blue, orange) and two an antiparallel (blue, red)
alignment with respect to the tip, thereby explaining the
phase shift of aPt observed in Fig. 12(b). On the basis of
this model we are able to determine the angle between
the magnetization direction of the tip and the light blue
MnO2 chain to Θ = (−15± 5)◦.
SP-STM data measured with an in-plane sensitive Fe-
coated W tip across a structural domain boundary in-
dicate that the spin spiral possesses in-plane and out-
of-plane contributions to the magnetization.30 A simi-
lar spin spiral driven by the Dzyaloshinskii-Moriya in-
teraction has already been found by DFT calculations
for MnO2 chains on Ir(001).
14 In agreement with the so-
called Moriya rules39 it is most natural to assume a cy-
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FIG. 14. Large SP-STM overview scan performed with a
magnetic tip on MnO2 chains on Pt(001). The intra-chain
coupling is not strictly collinear, as can be recognized by in-
specting the MnO2 chains marked by black arrows. Whereas
no significant magnetic contrast is detected in the bottom
part, a strong magnetic contrast with a 2aPt periodicity is
clearly visible in the upper part of the image.
cloidal spin spiral with a Dzyaloshinskii-Moriya vector
oriented along the chain direction. While the DMI is
expected to be very similar for Ir and Pt due to their
very similar atomic number, the higher occupation of
the Pt 5d shell causes significant differences in the re-
spective Fermi surfaces. Indeed, it has been found that
the RKKY-mediated oscillation period for (001)-oriented
magnetic superlattices is about 50% longer for Co/Pt40
than for Fe/Ir,41 in reasonable agreement with our ob-
servation of a periodicity which is also about 1.5 times
as long.
As we will show below deviations from the (15 × 2)
magnetic unit cell can be detected by imaging MnO2
chains on Pt(001) over larger surface areas. For exam-
ple, Fig. 14 shows an SP-STM image with a scan area
of 30 nm× 30 nm. For better visibility, the data set was
filtered by using a band pass. As described above SP-
STM images of the (15 × 2) MnO2/Pt(001) magnetic
unit cell are characterized by five-fold periodicity of the
structural (3 × 1) unit cell. In general, the magneti-
zation direction-dependent variation of the total current
gives rise to corrugation maxima if tip and sample are
magnetized in the same direction, corrugation minima
for an antiparrallel alignment, or a very low or even van-
ishing corrugation if the angle between the tip and sample
magnetization direction is close to 90◦ (cf. Eq. 1). At the
y-position marked by a dash-dotted white line at the bot-
tom of Fig. 14 we find a sequence consisting of two MnO2
chains which exhibit corrugation maxima (colored green,
labelled 2A), then one chain with a low contrast, one
MnO2 chains with corrugation minima (B), and finally
a chain with no recognizable spin contrast (marked by
black arrows). Close inspection of the data set presented
in Fig. 14 reveals that the contrast of the specific MnO2
chains is not constant but slowly varies. For example,
the MnO2 chains marked by black arrows which showed
a vanishingly low magnetic contrast at the bottom of
Fig. 14 develop a sizable magnetic contrast towards the
top part of the scan. This observation indicates that
the magnetic order along the MnO2 chains is not strictly
collinear but slightly canted. Within our field of view
of 30 nm along the [1¯10] direction, however, we only ob-
serve about a quarter of a 2pi rotation. Therefore, we can
conclude that the wavelength of the magnetic structure
along the MnO2 chains on Pt(001) must be very long,
probably of the order of 100 nm.
As a result of the spin rotation along the MnO2 chains
and the existence of occasional structural defects the
magnetic order is not strictly periodic. In fact, com-
parison of the bottom part of the SP-STM image with
the top part of Fig. 14 reveals that the contrast changed.
Whereas the sequence of contrasts obtained within the
five TMO chains of a magnetic unit cell was 2A-low-B-
low in the bottom part, the dominating sequence in the
upper part is A-low-2B-low. At the moment we can only
speculate about the origin of this non-collinearity along
the chains. Possibly, DM-type interactions triggered by
the overlap of the O 2p with Ir 5d orbitals also influence
the superexchange along the TMO chains.
IV. CONCLUSION
In summary, we systematically investigated the struc-
tural and magnetic properties of transition metal ox-
ides (TMOs) on the fcc(001) surfaces of Ir and Pt. We
find that Co, Fe, and Mn form quasi one-dimensional
TMO chains with a (3 × 1) unit cell. Similar (3 × 1)-
ordered chains were observed for Cr on Ir(001). Whereas
no magnetic signal was found for Co- and Cr-based
chains, our SP-STM measurements confirm the theoret-
ically predicted antiferromagnetic intra-chain coupling
for FeO2/Ir(001) and for MnO2 chains on both sub-
strates. A ferromagnetic inter-chain coupling is found for
FeO2/Ir(001). In the case of MnO2 the SP-STM images
reveal a complex helical intra-chain magnetic coupling,
resulting in a (9 × 2) magnetic unit cell on Ir(001) and
a (15 × 2) magnetic unit cell for Pt(001). Furthermore,
large scale SP-STM images of MnO2 chains on Pt(001)
unveil that also the intra-chain magnetic coupling is not
perfectly collinear but slightly canted, resulting in a spin
spiral with a periodicity corresponding to several hun-
dreds of substrate atoms. Our results highlight the rele-
vance of spin-orbit–related effects for magnetic coupling
phenomena in systems with broken inversion symmetry,
14
such as surfaces or nanoparticles.
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